We propose a time domain speckle contrast optical spectroscopy (SCOS) system that makes use of a gated detector and pulsed light source to measure the blood flow variations at very short, quasi-null (<3mm) source-detector separation. We present the results of a human arm cuff occlusion and a comparison with standard SCOS, highlighting that we can probe deeper into tissue, reduce probe footprint, make efficient use of the signal and decrease cost.
INTRODUCTION
Non-invasive tissue blood flow monitoring with diffuse correlation spectroscopy (DCS) has been proven important to the assessment of cerebral well being 1 and brain function 2 . Its widespread use is limited by an elevated cost per channel, which is still several thousand euros to this day. Technical advances moved towards creating a more accessible speckle contrast optical spectroscopy (SCOS) and tomography (SCOT) instrument 3 , which by using detector arrays manages to considerably drop the cost per channel and offers thousands of spatial channels. As with DCS and in general continuous wave techniques, sensitivity to deep tissue (i.e. the brain) in SCOS/SCOT increases with larger source-detector separations, but the contrast and specificity are compromised by the partial volume effect 4 . In time domain (TD) DCS, the state-of-theart instruments have been proven to enhance the deep tissue specificity by employing a pulsed laser source 5 . TD-DCS relies on the fact that in the reflectance geometry, i.e. when the source and the detector are placed on the same side of the tissue, the photons that are detected at later time delays with respect to the pulse emission have statistically traveled deeper into the tissue 4 . By iterating the selective detection of these late-arriving photons over the emission of multiple light pulses, one can use TD-DCS to reconstruct the blood flow information reliably 4, 6 . However the cost per channel is even higher than for DCS. Each detector channel needs its own timing electronics, i.e. a time-to-digital converter (TDC), or a timecorrelated single-photon counter (TCSPC). Fast-gated single-photon avalanche photodiodes (fgSPADs) are versatile single photon solid state detectors that can be switched on/off in hundreds of picoseconds during every laser pulse period, allowing only the photons impinging on the sensitive area during a window of few nanoseconds to be detected. fgSPADs have been used in NIRS 7 and recently in TD-DCS 8 to achieve null separation measurements.
In this contribution, we carry out proof-of-principle analysis of an experimental data from fgSPAD detectors and a custom made titanium-sapphire active mode locked, high coherence laser at quasi-null (<3mm) source-detector separation using simplified SCOS analysis which does not require precise timing electronics (TDC or TCSPC). Therefore, as arrays of fgSPAD detectors are being developed, we envision a decrease in the cost per channel, thus paving the road to a widespread use of depth selective and brain specific, high efficiency, non-invasive measurements of blood flow with minimal footprint probes.
EXPERIMENTS AND DISCUSSION
Coherent light scattered from an ensemble of moving and static scatterers generates a speckle pattern which intensity varies according to the scatterers' motion. Speckle contrast κ 2 is defined 3 
where β is the SCOS coherence factor, R(t) is the solution of the time resolved diffusion equation for the geometry of interest, and T is the measurement time window. Using a gated detector that selects only the photons arriving after a timeof-flight threshold t1 we can get the rid of the preponderant contribution to κ 2 of the short path photons and at the same time investigate the deeper tissue in reflectance geometry, as first suggested for spectroscopy 9 . BFI can be numerically fitted from the measured gated κ 2 using the expressions above.
In our experiments, the source, a titanium-sapphire active mode locked laser operating at λ=785 nm, was split into two branches: one to a photodiode that generated a pulse-sync electronic signal and the other attenuated below skin maximum permissible exposure and launched into a multi-mode graded-index fiber that conveyed light to the probe. In the probe, two single-mode fibers collected the light in reflectance geometry, one at 2.85 mm distance from the source fiber (fgSPAD connected) and the other at 12 mm (free running SPAD, MPD, connected). The fgSPAD detector (4 ns gate time, t1 set to 512 ps after the laser peak time, to reject early photons) output was connected to a TCSPC (PH300, Picoquant), along with the pulse-sync, to record the photon arrival times and therefore compute κ 2 by integrating over T={50, 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000} μs windows. Much simpler counting electronics could be used but we resorted to TCPSC for practical reasons. The MPD detector was connected to a correlator (Flex05, Correlator.com). In this case, the ungated κ 2 was estimated substituting g1 2 computed from intensity correlation using the Siegert relation 4 in equation (2) (replacing the term within square brackets) and setting t1 = 0 to highlight the fact this corresponds to an ungated SCOS experiment, and using the same exposures T as above. An adult healthy human subject (female, 26 years) underwent arm cuff occlusion with a tourniquet placed under the shoulder joint and inflated well above systolic pressure at t=180s (released at t=360s). A soft black foam pad probe, comprising the source fiber and two single mode fibers, was placed above the brachioradialis muscle of the same arm. Superficial tissue thickness in the region was estimated to be 1.3 cm by using a plicometer. Results are shown in Fig. 1 in terms of relative BFI (rBFI). The graph shows the time series of the rBFI obtained by considering the κ 2 measured with the ungated, 12 mm separation (SCOS, black line) and the gated, quasi-null separation (TD-SCOS, grey line) before, during and after the arm cuff occlusion. By selecting only the longer time-of-flight photons, the overshoot corresponding to the hyperaemic peak (360 to 430s) is ~33% higher (albeit slightly noisier) than in the ungated case. As in DCS 10 , this, along with the faster decay captured with TD-SCOS, is also a characteristic of probing a deeper, more metabolically active and reactive muscle tissue.
In conclusion, by using fgSPADSs to compute the gated speckle contrast, the timing electronics used in TD-DCS is not needed, bringing down costs while fully maintaining the enhanced depth selectivity of TD methods for all-optical BFI assessment, which is useful in reflectance non-invasive measurements on the arm or on the head. By rejecting the preponderant unwanted contribution of the photons having small time-of-flight this detection strategy also allows very small source-detector separations to be used. The benefits are smaller footprint probes with enhanced ergonomics and higher density of spatial channels when more detectors are combined in parallel, i.e. in an array or a camera.
